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SUMMARY

A theory for helicopter rotor thickness noise is described. Two
full-scale rotors tested in a wind tunnel with several tips involving
changes in chord, thickness, and sweep are Jdescribed. The impulsive noise
data reduction procedures are described. Fimally, the calculated and
measured impulsive noise peak pressures as a function of advancing tip
Mach number are compared, =howing good correlation for all six rotors

consicered.



INTRODUCTICON

Blade slap is a periodic, impulsive sound pre=sure disturbance
produced by helicopter rotors in certain flight comditions. When it occurs,
blade slap is the dominant noise component of the t'omr.l Blade slap
has been attributed to a number of aer~dynamic sources, including vortex/blacde
1nteractiom%'2'3 shock formation on the advancing t!p.l'u retreating blade
st,alll.5 and compressibility effects on the drag of the advancing up.3'5
Recently attentior ha:r been focused on thickness noise as the source of
rotor blade slap.6'7’8 Prediction of measured rotor impulsive nolse using a
thickness nolse theory has been attempted for only a few cases, with varying
degrees of succoss.7'9'w The present investigation was unfertaken to
establish whether thickness noise is a principel source of helicopter blade
slap, by comparing the predicted an? measured nolse pressure pulses for

several full-scale helicopter rotors teste’ in a win! tunnel.

The rctor ispulsive nolse will be examined in terms of the sound
pressure time history. Looking at the harmonics can be misleading for
ixpulsive noise, particularly 4Af only the spectrum magnitude is used. The
advantage of vorking with wind tunnel noise measurements is that the
critical parametsrs are well known: the locatlon of the microphone relative
to the rotor hub, the air speed and the tip-path plane angle-of-attack, the
rotor rotational speed, and the ailr density and speed of sound. The principal
disadvantages of noise tests in a conventional wind tunnel -- the presence
of vackground nolse and reflections -- are not important for rotor impulsive
nolse in the time domain. By averaging the sound pressure signal in the time
domain, the random background nolse can be removed from the periodic component
of the rotor noise. Moreover, at high speels the pulse peak will be much
higher than the background noise pressure level. The reflections will not
rask the Alrect pressure pulse if the difference between the arrival times
of the direct signal and the first reflection is greater than the pulse width.



THICKNESS NCISE THECRY

11,12 for a

Thickness noise theory was first developed by Deming
popaller at zero thrust. He represented the blade by a distribution of
source doublets over the disk, nonrotating but periodically varyving in time
to produce pressure disturbances equivalent o the rotat'ng dlade. Thickness
noise has long been recognized as a nolse source with propellers, but it is
less than the thrust-generated rotatiomal noilse at the usual tip Mach
mmbers of subsonic propellers. The role of thickness nolse in helicopter
acoustics has genmerally been ignored¢ until recently, particularly in
connection with blade sla.p.n'lh Consequently while the theories for
helicopter thrust and torque-generated rotational noise were belng exten’ed
to the cases of time-varying blade loading and forward flight, the comparable
extensicns of the thickness noise theory were ignore’.

16

has use.l the acoustic equations of Lowsen 17

15 and Farassat

Jechnsen
for bodies in arbitrary motion, to derive a thickness noise theory for the
rotating blades of a helicopter in vertical or forward flight. Consider
a helicopter rotor moving with forward speed Vx = chs and vertical speed
v, =M (where V,and V_ are the velocity components relative to the tip-
path plane axes). The sound is required at an observer station mov®ng with
the rotor. The observer position relative to the rotor hnh %r “e“ined by
the range s , the azimuth angle Y (measured from downstream, in the direction
of rotation of the rotor), and tne elevation angle 9 from the tip-path plane
(positive above the rotor disk). The sour? pressure p is periodic with
fundamental frequency equal to the blade passage frequency N1 (where N is
the number of blades, and £2 is the rotor rotational speed), so it can be
written as a Fourler series with harmonics pmx
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In the far field, the following expression is obf,ained15 for the thickness
noise harmonics:
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Here Axs is the area of the blade cross sectlon, and an 1s a factor accounting
for the chordwise distribution of the blade thickness:
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where t(x) 1s the blade thickness. For the present calculations, the
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thickness distribution of NACA 4-diglt and S-digit airfoll series was

used.m This thickness noise theory iavolves two ma jor assumptions. A

high aspect ratio of the blade has been assumed, in order to separate the
integral over the chordwise variable x. A far-field observer point has

been assumed in order to analytically solve for the retarded time and evaluate

the integral over the rotor azimuth.

The integrals were evaluated numerically using 10 chordwise steps,
and up to 500 radia) steps at high spaed. Up to 500 harmonics were
evaluated at high speed, and the time history of the sound pressure
was evaluated at up to S00 points over the period to define the pulse peak.



FULL SCALE WIND TUNNEL TBSTS

A 6,7mn radius four-bladed rotor constructed by Sikorsky Alrcraft
was tested in the NASA-Ames 40- by 80-ft Wini Tuinel in 1977; and a ?.3m
radius two-bladed rotor constructed by Bell Hellcoptar (Company was
tested 1n 1974, In both cases a number of tip shapes were tested (figure 1),
involving changes in the blade chord, thickness, and sweep. The corresponding
radial distridbutions of the cross section area are shown in tigure 2, The
Sikorsky rotor blades had a constant chord and 9.5% thickness ratio airfoil
inboard of 956 radius. The rectangular tip maintained the chord out to
100% radius., The trapszoidal tip was tapered to 60% of the baseline chond
at the wip, with a constant thickness ratlo and an unswapt quarter chord line,
The swept tip had constant cherd with 20° sweepback., The swept-tapered
tip had 35° sweep of the leading edge and 10° sweep of the tralling edge,
giving a taper:! blade with constant thickness ratic. The Bell rotor blades
had a constant cherd with 1 NACA 0012 airfoil section inboard of 8(% radiuvs.
The thin tip tapered in thickness to &° thickness ratlo at the tip, with
constent chord. The single-swept tip had 51° sweepback of the leacding
edge from 9&% radius: its thickness ratio varied from 12¢ nt 0.8R to
10.5% at O,R8R, was constant to 0.96R, and then increased ‘o 11% at the tip.

The principal parameters of the rotors and tests are presented in
Table 1. The rotor was operated by setting collective pitch and shaft
angle, and adjusting the cyclic pitch controle to achleve zerc cyclic
flapping. Hence the stvft angle-of-attack also gives the tip-path plane

incidence angle (&, , positive for aft tilt). The nolse data presented

tpp
here are for a 5° forwanl tilt of the tip-rath plane, over a small range

P/V‘ = 0.07 (the thickness noise prediction does not

depend on the rotor forces, and no dependence on thrust over this range was

of roter thrust around C

observed in the measurements either). The tunnel airspeed and rotor rotational
1,90 = (Ve QR)/CS
at « constant vi e of VALR, The resulting rotor speed was around 370 rpn

speed were set to vary the advancing tip Mach number M

YA heth rotores, giving a 1/rev frequency around 4% He, The microphone

b



was locatei upstream of the rotor, slightly below the tip-path plane. There
were minor variations in the air density and speed of sound for the test
points considered (the range is shown in Table 1, but the actual measured
values were used in the thickness noise calculations).



NOISE DATA REDUCTICN

The micropnhone signal was recorded on an FM tape recorder (center
frequency 27 kHez, bandwidth 5 kHz). The sound pressure signals were played
back into a time series analyzer for digital processing. The noise signal
was sampled at a rate of 5120/sec for 0.2 sec, beginning when the rotor
agimuth angle was gzero. The resulting frequency resolution was 5 Hz with
a Nyquist frequency of 2,06 kHz; a 2 kHz anti-aliasing filter was used.

An example of the raw noise signal is given in figure 3a, The noise signal
was averaged 50 times to eliminate the background noise and the rotor
broadband noise (figure 3b). Finally, t..e noise signal was processed by

a 7”5 Hz high-pass filter to eliminate the mean, and the firs. blade passage
harmonic of the thrust-generated rotational noise. (The filtering was
accomplished by calculating the Fourier transform of the signal, dropping
all spectral lines Lolow 25 Hz, and then calculating the iaverse Fourier
transform. By this means any magnitude or phase distortion of the harmonics
above 25 Hz was avoided. As figure 3c shows, there was no observable change
in the pulse shape or amplitude using this procedure.)

A key element of the data reduction is conve.,ting the recorded signal
to pressure units (N/mz). The microphone was calibrated using a B&K Fistonphons,
which produces a 124 dB (re 0.00002 N/mz) rms acoustic signal at 250 Hz:

prms

pref

12 = 20 log

Now p = KV = KV p/J??, where K is the conversion factor from volts
rms ™ms am
to N/m¢, and vamp is the amplitude of the calibration signal in volts. Then

6.?: 3
10 meJ'E‘ s 83 N/m

\
\m“p va.mp Volt

When the rotor noise was recorded with a (ifferent amplifier setting than was
used for the calibration (by *10 dB or 20 d typically, in order to keep the
signal within the best working range o1 he tape recorder), it was also necessary
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to account for this difference in the factor K. lee gives additiomal

detalls of the measurement and data reduction process.

For the test configuration considered here, it was veritied
experimentally that the first reflection (from the wind tunnel floor)
arrives about U msec arter the direct wave, and the sound pressure pulse
wiith was found to be much less than 4 msec, particularly at high speed.
Actually, there was little evidence of impulsive noise reflections in the
measured sound pressure signals (see figure 3). A probadle factor in the
absence of observed reflections i1s the location of the micrephone nearly
in the rotor tip-path plane, where the impulsive noise directivity is greatert.
Hence pulses reflected off the tunnel floor or ceiling have <maller

magnitule than the pulse traveling directly from the rotor to the microphone.



COMPARISCN OF MEASURED AND CALCULATED NCISE

Time histories of the measured impulsive noise are shown in figure 4
for the Sikorsky 6.?m rotor with trapezoidal tips, at three advancing tip
Mach numbers. Similar waveforms were observed by :6..-flight measurements of
the noise produced by a UH-1 helicopter.21 which identified the negative
pressure pulse increasing in amplitude with Mach number so that it dominates
the sound pressure signal at high speed; and found at very high speeds a
positive pressure spike closely following the negative pulse so that the
waveform becomes unsymmetric. T7igure 4 also shows the impulsive sound
pressure calcul ted using the thickness noise theory described above. <Clearly
there 1s more to the periodlic rotor nolse than just the thickness ncise
component, but the impulse is well acccunted for by the thickness noise.

Leew'zo gives the rotor sound pressure time histories for additional cases.

Figures 5 to 10 compare the measured and calculated peak impulsive
noise pressures for the Sikorsky 6.7m r~tor with four fifferent tips and
the Bell 7.3mrotor with two different tipe, at constant V/(QR as a function
of advancing tip Mach number. The overall correlation is quite good. It is
also seen in both the measured and calculated data that the impulsive nnise
can be reduced by creasing the cross sectional area of the blade tip. For
exam,.e, compare the nolse produced by the Sikorsky 6.7m rotor with
trapezoidal and rectangular tipe (figures 5 and ?), which differ in cross
sectional area as shown in figure 2. Sweeping the blade tip without
chansing the chord or thickness has little influence on the thickness nolse
(compare figures 5 and 6 for the Sikorsky 6.7m rotor with trapezoidal and
swept-tapered tips).

-10-



CCACLUSICNS

It is concluded from this comparisca of measured and calculated
rotor iapulsive noise that high speed dlade slap is domloated by the
thickness ncise, which can be predicted well using existing theorilec.
A complete prediction of helicopter noise will require an accurate treataent
of the positive pressure spike following the thickness nolse negative pulse
at very high dvancing tip HMach number; the blade 1ift- and drag-generated
rota.ional nolse, including the impulses due to blale/vortex interaction,
and the rotor oroadtand noise. The adbility to predict blade thickness-
generated impulsive nolise however does much tc allow the confident design of
quieter helicopter rotlors at high speed,

-11-
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Tehle 1 Rotor and Test Parameters

Runbder of Wades, N
Rotor railus, R (m)
Blade chord, ¢ (m)
Blade thickr sss ratlo
Micrcphone . >sition
range, s (m)
aimuth, vo
elevation, Q)
Rotor operating condition
cT/v
v/i.R
vt")p
Ar dens'ty 8 (kg/mj)
Speed of sound c (m/sec)

Sikorsky 6.7 m rotor

Bell 7.3 a rotor

b
6.71
0.304
0.095

19.66
180°
- 7.4°

0.065 to 0.075
0.375
- 50

1.12 to 1.15
341 to 36

-15-

2
7.32

0.533
0.12

21.40
180°
- 7.‘;0

0.065 to 0.075
0.300
(4]
-5
1.13 to 1.17
345 to 349
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Figure 1 Tip shapes of the full scale rotors tested
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(a)
Raw signal
A | | | | L | | 1 |

(b)
Averaged 50
1 | |

times
| { 1 L L | |

-60 Averaged 50 times
25 Hz High-pass Filter
-80 1 | 1 | | | | | | |
0 02 04 06 .08 A A2 14 7 16 A8 .2

t, sec

Figure 7 Example of the noise signal processing (Sikorsky 6.7m rotor
with trapezoidal tips, at M, oo = 0.896 and V/AR = 0.375)
L}
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Figure 5 Comparison of measured and calculated impulsive noise
peak pressures for the Sikorsky 6.?7m rotor with
trapezoidal tips (V/QLR = 0.375)
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Figure 6 Compariscn of measured and calculated impulsive noise
peak pressures for the Sikorsky 6.7a rotor with
swept-tapered tips (VAXR = 0,375)
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Figure ? Comprrison of measured and calculated impulsive noise
peak pressures for the Sikorsky 6.7m rotor with
rectangular tips (V/\R = 0,375)
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Figurs 8 Comparison of measured and calculated impulsive noise
peek pressures for the Sikorsky 6.7m rotor with
swept tips (V/OLR = 0.375)
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Figure Comparison of measured and calculated impulsive noise
peak pressures for the Bell 7.3m rotor with thin tips
(v/OLR = 0 30)
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Figure 10 Comparison of measured and calculated impulsive noise
peak pressures for the Bell 7.3m rotor with single-swept
tips (V/CR = 0.30)
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